α-stable distribution is a kind of non-Gaussian signal, and it is more likely to exhibit sharp spikes or occasional bursts of outlying observations than one would expect from normally distributed signals. So it is difficult to accurately estimate the parameters of chirp signal in α-stable noise. In addressing this problem, a novel method of accurate parameter estimation of chirp signal is proposed. Firstly, the characteristics of α-stable noise are analysed. Secondly, the chirp signal in α-stable noise is transformed into Gaussian-like distribution. Then, fractional Fourier transform is used to calculate the parameters of the initial frequency and chirp rate. By simulation, the method is verified to be effective and rational. The proposed method can effectively estimate the initial frequency and chirp rate of the chirp signal in α-stable noise.
Introduction
Recently, chirp signal is used widely in communication system, biomedical science, acoustics and so on, especially in the new radar systems [1, 2] . Because the chirp signal has a low probability of intercept [3] , the study on chirp signal detection and parameters estimation has aroused general concern. Reference [4] obtained the time-frequency characteristics of single-component chirp signal with noise based on Wigner-Ville distribution, the instantaneous frequency was estimated using a maximum value method, the parameter estimation was realized through randomized Hough transform based on a section of the frequency. Reference [5] proposed a multicomponent chirp signals detection method based on multi-scale chirplet sparse signal decomposition. Reference [6] analysed the characteristics of STTFD (the scale transform in time-frequency distribution plane), and proposed a new method of the parameters estimation of linear frequency modulated signal based on STTFD. Reference [7] proposed a parameter estimation algorithm based on Fractional Fourier Transform. Reference [8] proposed a method for parameter estimation of chirp signal on Short Time Fourier Transform, when signal to noise ratio (SNR) is not less than −17 dB, the correct rate is 100%, and when the SNR is −18 dB, the correct rate is still capable of up to 99%. Reference [9] presented a novel method based on the periodic fractional Fourier transform to detect and estimate an unknown linear frequency-modulated continuous wave.
In general, noise is described by the Gaussian model. However, Stuck has shown that noise in the telephone line can be effectively described by the ¡-stable distribution [10] , Nikias also has proved that ¡-stable distribution is an ideal model to describe atmospheric noise [11] , Ilow's research shows that ¡-stable distribution is consistent with multipath interference in wireless networks and radar backscatter echo [12] . Therefore, research on detection and estimation of chirp signal in ¡-stable noise is very important. Aiming at the pulse characteristics of ¡-stable noise, the paper proposes a novel method for parameter estimation of chirp signal in ¡-stable noise, the method is able to estimate the initial frequency and chirp rate of chirp signals, with high precision and fast speed.
α-stable distribution
In the actual problem of signal detection and parameter estimation, people usually assume the stochastic signals and noises to be Gaussian distribution. Since the Gaussian distribution obeys the Central Limit Theorem and its probability density function has an explicit analytic function, so linear algorithm can be easily used for signal processing. However, many stochastic signals and noises are more likely to exhibit sharp spikes or occasional bursts of outlying observations than one would expect from Gaussian distributed signals. As a result of the pulse characteristics, ¡-stable signal tends to produce large-amplitude fluctuations from the average value more frequently than Gaussian ones do. In particular, its attenuation process of probability density function is slower than the Gaussian distribution, thereby causing heavy trailing. Sea clutter which is received by airborne early warning radar, underwater acoustic signals, low-frequency atmospheric noise, and many types of man-made noises have all been found to belong to this class [13] . ¡-stable distributions provide a useful theoretical tool for this type of signals and noises.
¡-stable distribution is generally given by its characteristic function. If and only if the parameters satisfy 0 < 2, > 0, À1 1 and À1 1, such that a random variable X satisfy the characteristic function of Eq. (1) [14] ,
where,
So X obeys stable distribution, recorded as X $ S ð; ; Þ. ¡-stable characteristic function (or distribution) is determined by four parameters. ¡ is characteristic factor and also known as the characteristic exponent, it is used to measure thickness of the tail of the distribution function. A small value of ¡ will imply considerable probability mass in the tails of the distribution. ¼ 2 corresponds to the Gaussian distribution; ¤ is a scaling parameter and also known as the dispersion coefficient. It is used to measure the dispersion degree of the sample relative to the mean, and it's similar to the variance of the Gaussian distribution. When ¼ 2, the value of 2 is half of the variance; ¢ is a symmetry parameter, which is used to determine the slope of the distribution. ¼ 0 indicates a distribution symmetric about ®. In this case, the distribution is called symmetric ¡-stable distribution, referred to as SS. ® is a location parameter. For SS distribution, ® is the mean when 1 < 2 and the median when 0 < 1. Fig. 1 shows the influence of the parameters on ¡-stable probability density functions (PDFs). Fig. 1 (a) displays a set of symmetric ¡-stable densities with different characteristic exponent parameters ¡, and Fig. 1(b) shows a set of skewed ¡-stable densities with different symmetry parameters ¢. Fig. 1(c) shows a set of symmetric ¡-stable densities with different scaling parameters ¤. Fig. 1(d) shows a set of symmetric ¡-stable densities with different location parameters ®.
Algorithm

Fractional Fourier transform
The a-th order FRFT of is defined as follow [15] :
Set A ' ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À j cot ' p , n ¼ 1; 2; . . ., K a ðt; uÞ represents the kernel function and can be defined as follow:
where ' ¼ a 2 , it is the a rotation angle in the time-frequency plane, ðtÞ is Dirac function. According to the properties of kernel function K a ðt; uÞ, when ' is an integer multiple of 2, Eq. (3) is xðtÞ; when ' þ is an integer multiple of 2, Eq. (3) is xðÀtÞ. According to (3) and (4), the definition of FRFT can be rewritten as (5)
Discrete fractional Fourier transform (DFRFT) through sampling of FRFT can be decomposed into the following steps [9]:
Step 1: multiply xðtÞ by a chirp signal e Àjt 2 tanð'=2Þ , that is, Step 2: convolution calculation between gðtÞ and a chirp signal e j csc 'ðuÀtÞ 2 , that is,
Step 3: multiply hðuÞ by the chirp signal e Àju 2 tanð'=2Þ , that is,
DFRFT can be realized by FFT, the flow chart as shown in Fig. 2 .
FRFT of chirp signal
Mathematical model of chirp signal is represented as (9):
where f 0 is the initial frequency, k is the chirp rate. Mathematical model of chirp signal with additive noise is shown in (10):
where sðtÞ denotes a chirp signal and A denotes attenuation factor of the chirp signal during transmission, and nðtÞ denotes the noise.
The chirp signal is processed by the fractional Fourier transform, which can estimate the parameters f 0 and k. Specific algorithms are as follows: Firstly, X a ðuÞ is obtained by fractional Fourier transform of chirp signal. Secondly, search for maximum value of jX a ðuÞj 2 corresponding to the b u 0 and the rotation angle b '. When the chirp signal attenuates to 60% of the original signal, additive noise is white Gaussian noise, and the signal to noise ratio is from 0 dB to −20 dB, estimate parameters of the chirp signal through FRFT, then we can obtain errors e f and e k of parameters b f 0 and b k, as shown in Fig. 4 .
From Fig. 4 it can be seen, when SNR is equal or greater than −8 dB, FRFT has a good estimate effect on both of initial frequency and chirp rate of chirp signal, and estimated results are consistent with noise-free. Therefore, the paper introduced the FRFT into parameter estimation of chirp signal in ¡-stable distribution noise. 
Gaussian-like distribution
The FRFT method has good estimation effect to chirp signal in white Gaussian noise, however, as you can see from Fig. 5 , due to the ¡-stable noise has a pulse characteristic, the effect of parameter estimation is not very ideal. Therefore a novel method is proposed, which can remove the sharp spikes of echo signal through signal transform, i.e., turns ¡-stable noise into Gaussian-like distribution, then we make use of the fractional Fourier transform to get a better result of parameters estimation for chirp signal in the ¡-stable noise. The equation of signal transform is as follow:
Where, w is the value of amplitude limiting, it should be chosen based on the probability density distribution of the signal. When the amplitude of signal is greater than w, the signal must be lost in ¡-stable noise, which is not only useless information but also interfere the results of parameters estimation, so we set it is zero, this can reduce the interference for signal. When the parameters of the signal are f 0 ¼ 100 MHz, k ¼ 100 MHz/μs, sampling frequency is fs ¼ 800 MHz, time-width is 2 μs, the parameters of the ¡-stable noise are ¼ 1:5, ¼ 0, ¼ 1, ¼ 0, respectively, signal attenuation is 60%, and the signal is shown as in Fig. 5 . The probability density distribution is shown in Fig. 6 , and the solid line is probability density distribution of the signal, the dotted line is probability density distribution of the Gaussian signal, whose mean and variance are the same as mean and dispersion of ¡-stable noise, respectively.
From Fig. 5 and Fig. 6 , we can see ¡-stable noise has pulse characteristics and exhibits more sharp spikes than one would expect from the Gaussian signal. The probability density of Gaussian signal is zero when signal is greater than three times of the variance. In order to turn the ¡-stable noise into Gaussian-like distribution, the value of w must be as small as possible, when signal is less than three, its value is approach to zero, so we choose w ¼ 5, which makes the sharp spikes disappear. The converted signal is as shown in Fig. 7 . The probability density distribution is shown in Fig. 8 , and the solid line is probability density distribution of the signal, the dotted line is probability density distribution of the Gaussian signal, whose mean and variance are the same as one in Fig. 6 .
From Fig. 8 , we can see the ¡-stable noise changes into Gaussian-like distribution. The algorithm is outlined as follow:
Step 1: obtain the signal xðtÞ, including chirp signal and ¡-stable noise;
Step 2: turn into Gaussian-like distribution;
Step 3: used FRFT method to estimate parameters. Experiment methods: Parameters f 0 and k of the chirp signal are estimated by fractional Fourier transform and our method respectively.
Simulation experiment
Experiment results: Fig. 9 and Fig. 10 respectively show estimation results using FRFT and our method. According to (11) , we can obtain the estimated parameters.
From Fig. 9 , we estimate b f 0 is −91.3831, b k is 353.2062, and their errors are e f ¼ 191:3831, e k ¼ 253:2062. From Fig. 10 , we can calculate b f 0 ¼ 99:987 and b k ¼ 100:0279, then get errors e f is 0.013, e k is 0.0279. Experiment 2: Taking advantage of FRFT and our method to estimate parameters of the chirp signal in the different ¡-stable noise, and then compare their estimate performance.
Experiment conditions: Suppose the signal attenuation is 60%, and chirp signal are f 0 ¼ 100 MHz, k ¼ 100 MHz/μs, sampling frequency is fs ¼ 800 MHz, timewidth is 2 μs. The parameters of the chirp signal are estimated in the different ¡-stable noise, the results are shown in Fig. 11 and Fig. 12 , where ef1 and ek1 respectively represent estimated errors of b f 0 and b k which can be calculated by proposed method, ef 2 and ek2 respectively represent estimated errors of b f 0 and b k which is computed by FRFT method.
From comparison between Fig. 11 and Fig. 12 , we can see the proposed method can effectively estimate parameters for the chirp signal in ¡-stable noise. According to the pulse properties of ¡-stable noise, the proposed method improves FRFT method and has good parameters estimation results in the ¡-stable noise with different parameters, and estimation results are ideal. 
Conclusion
Estimation of accurate initial frequency and chirp rate of the chirp signal plays a very important role in radar signal processing. However, it is not easy because the signal will inevitably encounter energy attenuation and be polluted by noise in the process of transmission. In the Gaussian noise, the FRFT method has a very ideal parameter estimation results to chirp signal. But when the signal is polluted by the ¡-stable noise, the performance of FRFT will be degraded. Therefore, according to the pulse characteristics of ¡-stable noise, the paper presents a parameter estimation method, which can remove the sharp spikes of echo signal, and turn the non-Gaussian noise into Gaussian-like distribution, and then takes advantage of energy concentration of FRFT to gain accurate initial frequency and chirp rate estimates of the chirp signal. The simulation results show that a good anti-noise performance of the algorithm when estimating parameters of the chirp signal in ¡-stable noise, and estimated results are consistent with noise-free signal. 
